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[0001] The present invention relates to medical diagnosis, treatment and Imaging systems. More particularly, the 
present invention relates to medical probes whose location can be detected and adjusted and which have an additional 
delecbon. imaging and/or treatment function, according to the preamble of daim 1 . 

BACKGROUND OF THE INVENTION 



10 



[0002] Probes, such as catheters, suitable for various medical procedures and internal imaging, are fairly common 
Such probes include: balloon angioplasty catheters, catheters with laser-, electrical- or cryo-aWation characterisBcs' 
caflieters having ultrasound imaging heads, probes used for nearly Incisionless-suigery or diagnosis, and endoscopes 
Where such probes are used for treatment, the probes must be carefully positioned In relation to the body structure 
Even for imaging systems such as ultrasound systems, some positioning capability has been described 
[0003] In cardiovascular examinations and In particular in those using invasive techniques, multiple catheters are 
inserted into the vascular system and then advanced towards the cardiac chambers. The procedure itself is generally 
performed under fluoroscope guidance which necessitates the use of a continuous source of x-ray as a transillumina- 
tion source. The image generated using the fluoroscope is a 2D display of the anatomy with the location of the catheter 
superimposed. The anatomy can be viewed with a relatively low resolution since the cardiac chant)er and the Mood 
vessels are transparent to tiie x-ray radiation. 

[0004] More recently several technologies have been developed to ease the process of cardiac catiieterization 
mainly by enabling the physician to follow the path of the tip of the catheter inside the blood vessel. Some of this tech- 
nology ,s based on digital subtraction radiography technology that enables viewing the Wood vessel after the injection 
of a radio contrast dye and superimposing on that image the path of the cattneter These technologies necessitate ttie 
use of radiopaque dyes which are a major cause of moibidity In high-risk patients during cardiac catheterization 
[0005] U.S. Patent No. 5.042.486 to Pfeiller et al., describes a method In which ttie position of a catheter tb is located 
using electromagnetic fields. The catheter is introduced and ttie tip location is followed. The path of ttie tip is superim- 
posed on the pre-registered image of ttie Uood vessel or the organ, through which ttie cattieter was advanced How- 
ever this technology requires acquisition and processing of images prior to ttie procedure and involves a highly 
sophisticated and time-consuming procedure for the correct alignment of ttie image acquired previous to tills proce- 
m-^^f"** onentation and location of the Wood vessel or ttie organ during ttie catheterization procedure itseH 
[0006] U.S. Patent 4.821.731 to Martinelli et al., discloses a mettiod for internal imaging of a living body using ultra- 
sound. In this patent the posib-on of an ultrasound imaging cattieter is determined by computing ttie relative position of 
the catheter using ttie response of an ultrasound transducer to a reference signal and by computing ttie angular orien- 
tation of the cattieter about its axis by detemiining the signal induced in a single coil by substantially perpendicular mag- 
netic fields of different frequencies. The ultrasound transducer Is also used to send and detect ultrasound signals In a 
direction perpendicular to ttie catheter axis. By rotating ttie cattieter and moving it along its axis an ulta-asound Image 
may be generated. The catheter is also described as being capaWe of tiansmitting a laser beam to ttie end ttiereof to 
40 aWate tissue from lesions on the walls of arteries. 

« / catheter which can be located in a patient using an ultrasound transmitter located in the catheter, is disclosed 
in US. ^tent Na 4.697.595 and in the technical note "Ultrasonically Marked Catheter, a Method for Positive Echo- 
graj^ic Cattieter Position and Identification", Bryer et al.. Medical and Biological Engineering and Computing May 
1 985. pages 268-271 . Also. U.S. Patent No. 5,042,486 discloses a cattieter which can be located in patients using nori- 
I!^* ^"^ imposing cattieter location on a previously obtained radiological image of the Wood vessel 

[00081 PCT Patent Publication WO 94A)938, describes a system using a single-coil type sensor which is coaxial witti 
the long axis of a catheter and which senses fields which are geneiated by ttiree mutticoil generators external to ttie 
body of a patient. 

[0009] Ottier methods and apparatus for ttie determination of the position of a catheter or endoscope are shown in 
= 0.™"*^ 5,253,647; 5.057,095; 4,095.598; 5.318.025; 5.271,400; 5.211.165; 5.265.610; 5.255.680; 5.251.635 and 

5,265,61 1 . 

[OOT 0] US. Patent No. 3.644.825 describes a system which uses the relative motion of a sensor In ttie determination 
01 Its position. The relative motion supplies information to ttie sensing coils needed to identify position and orientation 
However, such a solution is not applicaWe to identifying position and location of the object where ttiere is no relative 
55 motion between ttie object and ttie reference frame. 

[001 1] U S. Patent No 3.868.565. comprises a ttacking system for continuously determining ttie relative position and 
orientation of a remote object. This tracking system Includes orttiogonally positioned loops for botti a plurality of sensore 
and a plurality of radiating antennas. Witti ttie proper excHation cun^ents to those loops, the radiating antennas generate 
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an electromagnetic field that is radiated from those antennas to the sensor. The tracking system operates as a closed 
loop system where a controlling means measures the field that is received at the sensor at the remote object and feeds 
the information back to radiating antennas to provide a nutating field radiating as a pointing vector towarxJs the remote 
object. Accordingly, the pointing vector gives the direction to the sensing antenna from the radiating antenna. 

5 [001 2] Similarly, Kuipers describes in his U.S. Patent Na 4.01 7.858. an electromagnetic field which rotates about a 
pointing vector and is used both to track or locate the remote object in addition to determining the relative orientation of 
the object. This system, wherein the radiating coils are charged with the properly designed wave forms, generates a 
magnetic field which, in a closed loop manner, Ccui be fed Into processing means to generate the information needed 
to determine an orientation of a remote object. 

10 [0013] U.S. Patent No. 4.054.881, descrikses a non-tracking system for determining the position and location of a 
remote object with respect to a reference frame. This is accomplished by applying electrical signals to each of three 
mutually-orthogonal, radiating antennas, the electrical signals being multiplexed with respect to each other and contain- 
ing information characterizing the polarity and magnetic moment of the radiated electromagnetic fields. The radiated 
fields are detected and measured by the three mutually orthogonal receiving antennas having a known relationship to 

IS the remote object, which produce nine parameters. These nine parameters, in combination with one known position or 
orientation parameter, are sufficient to determine the position and orientation parameters of the receiving antennas with 
respect to the position and orientation of the radiating antennas. 

[0014] U.S. Patent Na 4,849.692, describes a quantitative method for measuring the relative position and orientation 
of two bodies in the presence of metals. Measuring the position and orientation of receiving antennas with respect to 
20 the transmitting antennas is achieved using direct current electromagnetic field signals. Electromagnetic radiation is 
designed to be transmitted in a sequence by each of the mutually orthogonal radiating antennas. A receiving antenna 
measures the values of transmitted direct current magnetic fields, one dimension at a time, and those of the earth's 
magnetic field as well. This method requires repetitive acquisition and computations to determine position and location 
of remote objects. 

25 [001 5] Other methods which are known in the art for determining multi-dimensional positioning and orientation for air- 
craft and for helmets are described in U.S. Patent 4,849.692. European patent publication 0 576 187 A1, GB patent 
publication 2 197 078 A and U.S. Patent 4,314,251 . 

[001 6] The above described prior art which is for use in nonmedical applications, utilizes sensors and other structures 
which are not suitable for use in catheters. Those references which are described as being useful for medical probes 

30 generally give less than six dimensional information (three position coordinates and three angular coordinates). 

[001 7] In document WO 95/02995, which constitutes prior according to Article 54(3) EPC, a system is disclosed which 
incorporates a catheter which includes a position measuring device which can determine the position of the catheter in 
three dimensions, but not its orientation. In these applications, this catheter is used to map the electrical activity at the 
inner walls of the heart and to ablate portions of the heart muscle in response to such mappings. The position of the 

55 catheter used for the mapping/ablation function is determined with reference to three position detecting devices which 
are positioned against the inner wall of the heart at three different stable locations to form a reference plane. 
[001 8] WO-A-90/1 3259 shows an ultrasound transducer fixed in its axial rotation capability. To generate three-dimen- 
sional ultrasound representations knowledge of the transducer position around the axis is not essential. The position is 
calculated using two sensors and two field induction loops. 

40 [001 9] WO-A-92/03090 uses an axial symmetrical catheter wherein the degree of freedom of rotation around its axis 
is not relevant. Tlie coils shown are a|l axially directed and cannot be used to determine the orientation angle about tiie 
axis of the catheter. 

SUMMARY OF THE INVENTION 

45 

[0020] The present invention is defined in independent claims 1 and 30. It concerns a catineter locating means and 
method that offers quantitative, high resolution locating information tiiat. when assimilated with sensed local information 
results in a high resolution detailed map of the information. This map may optionally be superimposed on an image or 
other representation of the organ architecture. 
so [0021 ] The locating means preferably generates continuous location and orientation information concerning a remote 
object, in particular a catheter, relative to a reference frame, in a non-iterative manner. 

[0022] One aspect of the present invention relates to tiie provision of a new six-dimensional positioning apparatus 

suitable for use with a catheter. 

[0023] In a preferred embodiment of this system, a plurality of non-concentric coils are placed in a catheter adjacent 
55 a locatable site, for example, its distal end. The coils preferably have orthogonal axis. The relative positioning of the 
coils differs from that described in the prior art in tiiat the coils are separated in space and are not concentric. These 
coils generate signals in response to externally applied magnetic fields which allows for the computation of six position 
and orientation dimensions. 
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SSn °* P'®^"* '^"■^^^ « "method for computing multi-dimensional 

5 {SfdL2l2^„To^2.? preserrtinvention allows for the mapping of the interior of the heart in a manner similar to 
^^^1^ ^■ '^'^''^ P**^"* applications assigned to the assignee of the present application with the 
SSl?^^" ^? °"^^ZT location/orientation detection sensor is us^ for refeSica 

[0026] A fourth aspect of the present invention involves an ultrasonic or other imaging probe having a six-dimensional 
SZ"nrf ^ electromagneticfields. Use of such a proEe ot,viates the use S 

ro rdrnStronSs;^;^^^^^ 

♦ ^ \^ the invention involves methods and apparatus tor adding a controlled change in orientation to 

fn^l ■ *° "maneuvering of the cathode and its easy placement orientation to 

E« ^^"^^ ^^^^ °* '"^^^ "^^^^ controlled change in orientation to altow for two or three^imensional 
« 3orLVn°,g^r ^ " ^" "'^^^^"^ °^ - three-dimensiona, scanning ^g 

S.g':^rs:ns'S.°'*^^'"^^'"^°"'^^^ 

iv^lh 'l^ ''!'^^Ilf erribodiment Of the invention, each sensor comprises a coil. Preferably, said plurality of coils have 
:;irhrn«^rrs:rL^Sit"^" ^-'^■"^ ^ ^-'^'^'-^ c..s£eferrh^L^2;^ 

?SSrN^?r,^r' P«^;^«oss-correlates the signals corresponding to the drive and sensor signals 
SL'i^rcy'an^^^^^ 

[0033] In a prefen-ed embodiment of the invention the field generated by each field aenerator ha<; a Hiff»r«n« 

rr^"'? «""):r!r'"'""^ """^^ ^^"^ '""^^ "^'^ °* « givelS ueJcy PreS; 3,'duSfro the 

P'«*"« Of the integer muTtipliers divided by h7givrfrSuencv 

s^n oirprr r^^r ^ 

n«?!' ^'^^^y- "ocating system further comprises a reference instrument which includes a plurality of additional 
non-overlapping sensors srtuated in a reference instrument which sensors generate sensor sighate In resoonS^o sa-d 

positon of a point on the reference instrument. Preferably the reference Instrument is an invasive medical i^ument 

>; are Situated proximate the distal end of the reference invasive med^ni^em 

[0037] In a preferred embodiment of the invention the locating system includes an additional sensor on a oortion of 
the invasive medical instrument which senses a local condition. uraonai sensor on a portion of 

roCBS] Preferably, the additional sensor senses local electrical signals, for example electrical sionals from the endo 

SsionJs'^S tht iS^iC^r!?^' invention ttie signal processor processes the position and orientation coor- 
ainate signals and the local electrical signals acquired at a plurality of points on the endocardium to generate a man 
JSLnf ?^"*^ *® propagation of electrical signals through tissue in the patient's body ® ^ 

zia'^:;ra~^^^ 

E ' plofn"^^"^''"^"* ^ « "'frasonic transmitter/receiver 

irip^of^iii^'^TeS^^^^^ ''^"^^ ^ -^^^^ ^™«- - 
fritr^s.^rcS^^^^ 
s;=ndrth7<sr^^^ 

IS!*^- J*"® "»y be, for example, a catheter or endoscope, comprising a oluralitv of mao- 

netc field sensors, preferably coils, proximate the distal end thereof compnsing a plurality of mag- 

W046] Preferably the plurality of coils have axes which intersect within a coil. Where the plurality is three the said 
coils have axes which do not all intereect in a point. Miuramy b inree, me san 

10047] In a preferred embodiment of the invention, the instrument comprises an ultrasound transducer at said distal 
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end. Preferably, the ultrasound transducer provides a representation, preferably a one or two dimensional representa- 
tion, of the acoustic properties of tissue beyond and along the axis of the catheter. 

[0048] In a preferred embodiment of the invention, the instrument further comprises an electrical probe at said distal 
end. The probe is preferably adapted to sense electrical signals generated by tissue which is in contact and conduct 
5 said signals to the proximal end of the catheter and/or to supply an ablative electrical signal to tissue contacting said 
terminal. In a preferred embodiment of the Invention, the instrument includes a sensor for measuring local chemistry at 
the distal end. 

[0049] Preferably, the instrument includes means for changing the orientation of the distal end. 
10 BRIEF DESCRIPTION OF THE DRAWINGS 
[0050] 

Fig. 1 is a pictorial representation of the application of a system for six-dimensional position and bearing determi- 
15 nation, in accordance with a preferred emtxxliment of the invention to a catheter located In a human body; 

Fig. 2 is a schematic, cut-away illustration of a generalized catheter having a six-dimensional location capatxlity in 
accordance with a preferred embodiment of the present invention; 

Fig. 3 is a more graphic Illustration of a portion of the probe showing a preferred embodiment of a isensor for six- 
dimensional location; 

20 Fig. 4 is a block diagram of circuitry used to determine the six-dimensional coordinates of a catheter. In accordance 
with a preferred embodiment of the invention; 

Fig. 5 shows in expanded detail the basic flow chart representing a control sequence and its application to the block 
diagram of Fig. 4, in accordance with a preferred embodiment of the invention; 

Fig. 6 is a block diagram representing digital signal processing in the signal processor in accordance with a pre- 
25 f erred embodiment of the invention; 

Fig. 7 is a three-dimensional graphic representation of the vectors forming the magnetic field at a point; 
Fig. 8 is a block diagram representing analog signal processing in the signal processor, in accordance with a pre- 
ferred embodiment of the invention; 

Fig. 9 is a simplified schematic of an analog filter element shown in Fig. 8, in accordance with a preferred emtxxJ- 
30 iment of the invention; 

Figs. 10A-10D illustrate a principle of orienting the tip of a catheter in accordance with a preferred embodiment of 
the invention; 

Fig. 1 1 illustrates a principle of orienting the tip of a catheter in accordance with a preferred embodiment of the 

invention; 

35 Fig. 12 is a block diagram of ultrasonic acquisition and signal processing circuitry in accordance with a preferred 
embodiment of the invention; 

Fig. 1 3 is a block diagram of image reconstruction circuitry in accordance with a preferred embodiment of the inven- 
tion; 

Fig. 14 is a partially schematic, partially cut-away illustration of a probe for electrical sensing, pacing and ablation 
40 in accordance with a preferred embodiment of the invention; 

Fig. 15 is a schematic block diagram for acquiring a basic electrogram map in accordance with a preferred embod- 
iment of the present invention; 

Fig. 16 is a schematic block diagram representing a computerized endocardial mapping algorithm, in accordance 
with a preferred embodiment of the invention; 
45 Fig. 1 7 is a schematic block diagram representing a computerized pace mapping algorithm, in accordance with a 
preferred embodiment of the invention; 

Fig. 18 is a schematic block diagram of an algorithm used to calculate the cross-correlation index while pace-map- 
ping, in accordance with a preferred embodiment of the invention; and 

Fig. 19 is a schematic block diagram representing an output configuration of an imaging system in accordance with 
so a preferred embodiment of the irrvention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0051 ] Figure 1 shows a pictorial representation of a basic preferred application of the invention to the human txxiy. 
55 In this application, a catheter 10 is inserted into an artery 11 of a patient using standard techniques. Catheter 10 com- 
prises a body 12. a locating sensor 14 and an active portion 16 at the distal end 15 of the catheter. The active portion 
16, in accordance with various preferred embodiments of the invention, may include an electrical sensor, an ultrasound 
head, a fiber optic viewing head, an electrical stimulator, an electrical or laser ablator, an ionic sensor, an oxygen or car- 
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bon dioxide sensor, an accelerometer. a Wood pressure or temperature sensor or a cryogenic probe. In general the 
catheter wilt include leads, light guides, wave guides, etc. for energizing the active portion in response to commands of 
an operator. 

[0052] The position and orientation of the distal end of the catheter is ascertained by detemiining the position off the 
locating sensw. In a preferred embodiment of the invention, the locating sensor 14 comprises two or three antennas, 
for example coils which are inadiated by two or three radiators' i 8, 20 and 22. which are outside the body surface 23 of 
the patient. 

[0053] It should be understood that placement of the radiators, as well as their size and shape, will vary according to 
the application of the Invention. Preferably the radiators useful in a medical application comprise wound annular coils 
from about 2 to 20 cm in diameter (O.D.) and from about 0.5 to 2 cm thick, in a coplanar. triangular arrangement where 
the centers of the coils are from about 2 to 30 cm apart. Bar-shaped radiators or even triangular or square-shaped coils 
could also be useful for such medical applications. Moreover, in instances where a prone patient will be the subject of 
a procedure involving the instant technology, the radiators are preferably positioned in or below the surface upon which 
the patient is resting, substantially directly below the portion of the patienfs body where a procedure is being per- 
formed. In other applications, the radiators may be fairly close to the skin off the patient. 

[0054] The three radiators are driven by a radiator driver 24. prefferably in a manner described below, and the signals 
received by the receiving antennas are amplified and processed, together with a representation of the signals used to 
drive radiators 18. 20 and 22. preferably in the manner described below, in a signal processor 26 to provide a display 
or other indication of the position and orientation of the distal end 1 5 on a monitor 27. 

[0055] Radiators 1 8. 20 and 22 may be arranged in any convenient position and orientation, so long as they are fixed 
in respect to some reference frame, and so long as the radiators are non-overlapping, that is, there are no two radiators 
with the ©(act. identical location and orientation. When driven by radiator driver 24, the radiators generate a multiplicity 
of distinguishable AC magnetic fields that form the magnetic field sensed by receiving antennas in the locating sensor. 
[0056] The magnetic fields are distinguishable with regard to the frequency, phase, or both frequency and phase of 
the signals in the respective magnetic fields. Time multiplexing is also possible. 

[0057] In practice the active end off the catheter may be used to gather information, such as ultrasound echo informa- 
tion, electrical activity information etc., and optionally to perform certain procedures on tiie arteries (or veins) or witiiin 
an organ chamber 28 to which the artery (or vein) leads. Particular examples of organ chambers are the chambers of 
the heart, brain or gastrointestinal tract. It is a particular object of some aspects of tiie present invention to more accu- 
rately map the electrical activity of the heart and to more accurately image the walls of the heart, as will be described 
in more detail below. 

[0058] Fig. 2 shows a schematic illustration of a preferred embodiment of the distal end of catheter 10. A graphic illus- 
tration of locating sensor 14 is shown in Fig. 3. Sensor 14 preferably includes two or more and more preferably tfiree 
sensor coils 30. 32 and 34 wound on air cores. In a preferred embodiment of the invention the coils have mutually 
orthogonal axes, one of which is conveniently aligned with the long axis of the catheter. Unlike prior art location sensors 
(used for other applications) which contain three coils that are concenfrically located, or at least whose axes intercept, 
the coils of the preferred embodiment of tiie invention are closely spaced along the axis of the catheter to reduce the 
diameter of the locating sensor and thus make the sensor suitable for incorporation into a <»theter. 
[0059] For most aspects of the present invention, quantitative measurement of the position and orientation of the cath- 
eter distal end relative to a reference frame is necessary This requires at least two non-overlapping radiators that gen- 
erate at least two distinguishable AC magnetic fields, the radiators' respective positions and orientations relative to the 
reference frame being known; a radiator driver which preferably continuously supplies the radiators with AC signals to 
generate the AC magnetic fields; and a location sensor, consisting of at least two non-parallel sensors to measure the 
magnetic field flux resulting from the at le^t two distinguishable magnetic fields. The number of radiators times the 
number off sensors is equal to or greater than the number of degrees of freedom of the desired quantitative measure- 
ment of tiie position and orientation of the sensors relative to the reference frame. 

[0060] Since, according to the invention the six position and orientation coordinates of the distal tip of the catheter are 
determined, at least two coils are required in location sensor 14. Preferably three coils are used to inprove the accuracy 
and reliability of the position measurement. 

[0061] Leads 36 are used to carry signals detected by the sensor coils to signal processor, via the proximal end off 
the catheter, for processing to generate the required position infformation. Preferably, leads 36 are twisted pairs to 
reduce pick-up and may be further electrically shielded. 

[0062] In a preferred embodiment of the invention, coils 30. 32 arid 34 have an inner diameter off 0.5 mm and have 
800 turns of 16 micrometer diameter to give an overall coil diameter of 1-1.2 mm. The effective capture area of the coil 
is preferably about 400 mm^. it will be understood that these dimensions may vary over a considerable range and are 
only representative of a preferred range of dimensions. In particular, the size of the coils could be as small as 0.3 mm 
(with some loss of sensitivity) and as large as 2 or more mm. The wire size can range from 10-31 micrometers and the 
number off turns between 300 and 2600. depending on tiie maximum allowable size and the wire diameter. The effffective 
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capture area should be made as large as feasible, consistent with the overall size requirements. While the preferred 
sensor coil shape is cylindrical, other shapes can also be used. For example a barrel shaped coil can have more turns 
than a cylindrical shaped coil for the same diameter of catheter. Also, square or other shaped coils may be useful 
. . depending.on the.geometry.of .the.catheter. ! 

5 [0063] Leads 38 are used to power active portion 16 and/or to receive signals therefrom. The nature of leads 38. 
which may vary and may. for example, include an optical waveguide or other transmission media as appropriate to their 
task. 

[0064] For example, an electrode located on the distal tip of the catheter records local cardiac electrical activity, for 
example, on the endocardium. These local electrograms (ECG's) are transferred via leads 38 to the proximal end of the 
10 catheter and fed into an ECG amplifier. The amplified ECG signals are transferred to the control system that presents 
to the physician the local electrogram morphology acquired from the site whose location was determined at the same 
time.. 

[0065] Figure 4 is a block diagram of preferred circuitry used in computing the position of locating sensor 14. In this 
exemplary embodiment, three radiators 18. 20 and 22 and three sensor coils 30. 32 and 34 are used. Radiator driver 
IS 24 provides distinguishable, simultaneous AC cun^ent signals to each radiator. Control circuitry 40 utilizes D/A conver- 
ters 42, 44 and 46 to generate three sine waves of three different frequencies, f^. fa and fs. which are output separately 
to signal amplifiers 48. 50 and 52. 

[0066] In order to achieve a fast response locating system the use of slow responding fitters has been eliminated by 
using cross-correlation of the radiated and the received signals. This cross-correlation is performed over a window in 
20 time which contains an integer number of the cycle lengths of the three radiated signals. Use of an integer number of 
cycles generally results in a decrease in processing errors and a more accurate determination of the relative amplitude 
and phase of the signals received by the sensor coils. If non-integral cycle lengths are used an error in the cross-corre- 
lation generally results, unless a very long correlation window is used. 

[0067] If a short correlation window is used, (the shortest is the minimal common product of the cycle times), the ratio 
25 between frequencies should be a rational number. The frequency of a radiator c. fc. where c = 1 . 2 or 3 should satisfy 
the equation: 

fc=nc-*b 0) 

30 where nc is any positive. integer such that n1 9^ n2 . n2 n3 . and n3 n1 , and fb is an arbitrary base frequency to 
assure that integral cycle lengths can be used for cross-correlation. 

[0068] The radiating driver amplifier output signals are delivered to the radiators through cun'ent sensitive circuitry 54. 
56 and 58. such as a resistor, loop or more sophisticated circuitry as is known in the art. The current-sensitive circuitry 
produces an output which represents the amplitude and phase of the driving signal for the radiators and which is 

35 passed to signal processor 26. With this arrangement, the three radiators will generate a magnetic field composed of 
three differently oriented field components each having a different known frequency. Each of these field components 
will be sensed by each of sensor coils 30. 32 and 34 which will each produce a signal composed of three frequency 
components having different amplitudes and phases depending on the relative distance and orientation of the particular 
sensor coil and particular radiator which radiates a particular frequency. 

40 [0069] The outputs signals of sensors 30. 32 arid 34 are amplified in amplifiers 60. 62 and 64 respectively and passed 
on to signal processor 26. 

[0070] Fig. 5 shows in expanded detail the basic flow chart representing a control sequence and its application to the 
circuitry of Fig. 4. During the initialization phase, indicated by block 66, the frequencies of the three sine waves, the 
physical position and orientation of radiators 18. 20 and 22 in respect to a reference frame, the properties of the radia- 

45 tors and sensors and the coordinates of a single point in the mapping field are defined. Sine waves having respective 
frequencies f i , f2 and fa are synthesized as indicated by block 68. for example in control 40. These generated frequen- 
cies are transmitted, preferably continuously, by radiators 18. 20 and 22 as indicated by block 70 and as described 
above with reference to Fig. 4. The control sequence enters a timing loop 72 that periodically sends signals to activate 
the signal processor to cross-correlate the coil sensor signals with the radiated signals and to calculate the orientation 

so and position of locating sensor 14 relative to the reference frame. 

[0071 ] Both analog and digital embodiments of signal processing are possible in accordance with preferred embodi- 
ments of the invention. These different approaches can be modified in a variety of ways by those skilled in the art, and 
can be combined in different modes in order to practice them simultaneously. Some applications of the present inven- 
tion would benefit from the digital approach, while the analog approach may be the preferable solution in other cases. 

55 [0072] The digital embodiment is described in conjunction with Fig. 6. which is a functional block diagram of signal 
processor 26. The inputs to the processing block are the signals from amplifiers 60, 62 and 64 (the sensor coil signals) 
denoted by BIG and inputs from cun-ent sensing circuits 52, 56 and 58 denoted as CUR. In this embodiment the six 
input signals are converted from analog to digital signals by an array of A/D converters 74. The sampled digital signals 
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are passed to the "calculate cross correlation" block 76, which may consist of dedicated circuitry or which may be per- 
formed by a dedicated or shared microprocessor. Using the six data streams (three AC currents flowing through the 
radiators and three sensor readings) the cross congelation elements can be calculated using the following method: 
[0073] Given that 

5 

SIGg is the amplified output of sensor s, where s = 1 , 2 or 3; 
CURc is the current flowing through radiator c, where c- 1, 2 or 3; 
fb is an artxtrary base frequency; 

fo is the sampling frequency which is an integral multiple of fi,; and 
10 and N is the correlation length in number of samples, N-K(f ^li ^) , where K is any positive integer, 

the correlation between CURc and the sine wave of frequency fc is: 



75 



Ai = (2/N) • SCUR ^[i] • sin(27cf ^(i/f o)); (3) 



and the correlation between CURc and the cosine wave of frequency fc is: 



A^ = (2/N) . ZCUR Ji] • cos(27cf c(i/f o)): (2) 



20 where both summations are taken over i from 1 to N. 

The correlation between SIGg and the sine wave of frequency f^. is 



Bic = (2/N)-ZSIGJi]-sin(27cfc(i/fo)); (4) 
25 and the correlation between SIGg and the cosine wave of frequency fc is 

B?^ = (2/N)-ZSIGJi]-COs{2icf^(i/fo)); (5) 

where both summations are taken over 1 from 1 to N. 
30 [0074] A preferred ratio of f i . fa and F3 is 1 , 2, 3 and preferred frequencies are 1 . 2 and 3 kHz. The useful frequency 
range is believed to lie between 50 Hz and 50 kHz. 

[0075] The calculation of the fields and currents, designated by block 78, can also be performed using either dedi- 
cated circuitry or a dedicated or shared microprocessor. The amplitude of the current through each radiator A^ can be 
calculated using: 

.35 

Ac = |A|.+jA?| (6) 
and the magnitude of the f ieM generated by each radiator, Bs J. can be calculated using: 

|Bs.cl = |Bi.c+jBs.cl (7) 
[0076] The phase between the current in radiator c and the field sensed by sensor s, c 



45 



so 



ss 



(|>3c=arg(B;^ + jB°J-arg(Ai+jA°)-v2 (8) 

where s is the phase delay between the radiated field and the field as read by sensors s. The amplitude of the field 
generated by radiator c as sensed by sensor s is: 

Bs.c = |Bs.cUn«l>s.cl<90** (9A) 
B3^ = -|Bs.cUfl*s.cl^90" (9b) 

[0077] The magnetic field for every possible location and orientation of the sensor in the mappable space can be 
obtained by using: 

1) The field equations of the radiators used in a specific embodiment, 

2) The exact positipn and orientation of the radiators, and 

3) The current flowing through the radiators Ac- 
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[0078] Preferably the contributions of each field generator are used to solve a set of field equations, which are 
dependent upon the field form. Solving these equation sets produces the location and orientation of the remote sen- 
sors, most preferably simultaneously. 
- [0079] -More particularly, the field equations are derived specifically for each embodiment and are dependent on the 
5 geometry and characteristics of the radiators. In the preferred embodiment of the invention where the radiators are 
coils, the field equations can be described as follows: 

[0080] For a coil with N turns a radius R and a current 1, the radial field component at a distance r is 

B,(I.T,cose)=(27iR^10'^ • Nl/r^) • i:(2i+1)P2|(0) • (R/r)^' • Pgi^i (cosO) (10) 

10 

and the tangential field component is: 

Be(IJ.cose)=(27cR^10"^ • NIA-^jSPgi^gWtfVO^'P^i^iCOse 

15 where the sums are from 1 oO to isoo and where Pn(x) is a Legendre Polynomial of degree n. and calculated recursively 
by: 

PoM = 1 

20 Pi(x) = x (12) 

P „(x) = 1/n [(2n-1) X P (X) - (n-1) P ^2 (x)] 
[0081] P n (X) is a generalized Legendre Polynomial of degree n. and calculated by: 

25 

Pi(x)« -(n+l)-x.(Pj^(x) - P„.i(x) )/(l-x2 for |x| < 1 

« 0 for |X| » 1 (13) 

30- _ 

[0082] These field equations are correct for r>R for a radiator located in location P. The field induced at location R is. as 
shown in Fig. 7. given by: 

B=Bu6 + B^W 

35 

B^ = B^sine B^cose (14) 
B^ = B^cose - BgSine 

40 where 6 is a unit vector in the radial direction of the radiator located at P and W is a unit vector in the tangential direc- 
tion of the radiator located at P. Using this general field equation one can calculate the field at point K generated by each 
of the radiators. _ 
[0083] The remote sensor orientation, denoted by V determines the field sensed by this sensor at this location (K). 

45 B-V = B^ (15) 

[0084] Therefore the field sensed by a remote sensor is 

B^ = B(P, 6. I R. V) (16) 

50 

where K and V are the unknown variables, and 6 . P and I are the known variables for any given coil. _ 
[0085] In the example embodiment there are three radiators: therefore there will be three known values of P and three 
known values of 6 . The three sensors have a fixed and known location and orientation in the remote object reference 
frame. For each position and orientation of the remote ot)ject. one can compute the location and orientation of each 
55 sensor in the radiator reference frame and therefore compute the field sensed. By, for each radiator and each sensor. 
In the case of the present location system, each field sensed by each sensor from every radiator is measured and the 
field equations are solved to obtain the location and orientation of the remote object (x. y. z. £.^.and C)- 
[0086] The results of this approach for the three radiator, three sensor system used here as an example, are nine non- 
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linear algebraic equations with six variables (namely, x. y, z of the sensing means position and e.^, and C for the location 
sensor orientation) in the form of: 

([Fs.c (x.y.z,e.^.C) = B^Jg^i 2.3)0=1.2.3 (17) 

[0087] In this embodiment of the invention, the nine sensor readings (Bg c) are the measured quantity, and by solving 
this overdetermined system of equations (using a variety of known numerical methods such as the Newton-Raphson 
method for non-linear systems of equations or Multidimensional Secant Methods, specifically Broyden's method), the 
location and orientation of location sensor 14 is determined. A description of several possible numerical methods for 
solving such a set of equatfons is found in William H. Press et al. "Numerical Recipes in C. The Art of Scientific Com- 
puting", second edition, Cambridge University Press. 1992. The location sensor position and orientation are displayed 
on monitor 27. 

[0088] An ECG monitor may be used to synchronize the acquisition of the signals from the sensor colls so as to 
remove cardiac motion artifacts from the position information. Furthermore, a reference sensor may be attached to a 
portion of an organ being tested or treated, such as the heart, which will be used to correct for breathing motion or 
patient movement. In this way, the acquired sensor positions may be referenced to the organ structure and not to an 
absolute outside reference frame, which is less significant. 

[0089] In an analog based embodiment off signal processor 26, some of the parameters are calculated using analog 
circuitry. Fig. 8 is a schematic of one analog based embodiment of signal processor 26. In this embodiment, three sine 
and three cosine wave signals of frequency fi, fa. and fg, are used in addition to the SIG and CUR signals used in the 
embodiment of Fig. 6. The SIG and CUR signals are filtered by 12 phase sensitive filters (correlators) 80, such as are 
shown in Fig. 9 to produce signals indicative of the sine and cosine components of the SIG and CUR signals. 
[0090] These analog signals are then passed to a set of A/D converters 82. The fields and currents and positions are 
calculated in the same manner as described above with respect to Fig. 6. 

[0091] Fig. 9 shows the expanded view of one possible embodiment of one of the analog filter elements of Fig. 8. 
Each analog filter unit has three inputs: a cosine wave cos(2nf c) . a sine wave s\n(2n1^) . and the signal, either one of 
SIGs or CURs from which the frequency component f^ is to be extracted. Within the analog filter unit the signal is mul- 
tiplied by sin(27if ^.) and cos(27cf ^,) in multipiiers 84 and 86. The results are passed through low pass filters 88 and 90 
to obtain the desired components of the signal. 

[0092] The description above primarily concerns acquiring information by a set of two or more sensors that is used 
to determine the position and orientation of a remote object or a point on a remote object such as a medical device or 
instrument. It is also within the scope of the invention that a remote object will have more than one set of sensors, pref- 
erably from 2 to 6 sets of sensors, that will provide sufficient parameters to determine the shape and/or configuration of 
a remote object, preferably relative to a reference frame. For example, if the catheter has additional sets of sensors 
located proximal to its distal tip, it would be possible to determine the shape and/or configuration of portions of the cath- 
eter. Similarly, for another invasive procedure such as a sigmoidoscopy or colonoscopy, it may be possible to determine 
the shape and/or configuration of some or all of the scope used. 

[0093] The equipment necessary to practice the invention is mostly conventional. In one embodiment of the invention, 
the controller is a simple off-the-shelf 486 IBM compatible computer. The A/D boards are commercially available and 
have the characteristic of being able to sample at least 8 channels with a sampling frequency of between 500 - 40,000 
samples per second on each channel. An example of such an A/D Board is the National Instruments AT-MIO-16X that 
is available from National Instruments. Texas, USA. The D/A function is achieved using commercially available 8-21 bit 
resolution D/A boards. Examples of such a D/A are the National Instruments /V/D.D/A Board AT-MIO-16X or National 
Instruments DSP model AT-DS2200. The radiation driver amplifiers are commercially available, with 2-16 ohms output 
impedance and an output power of 60-500 watts. An example of such amplifiers is the Inkel amplifier type NA-420. from 
Inkel of Seoul, Korea. The radiators are also commercially available and have the following characteristics: 1-6 cm 
radius, 0.5-3 cm thickness, and 100-500 turns made of copper wire of diameter 0.1 -0.95 mm. A specific example of 
such a coll could be coils having a 4 cm radius, 1 cm thickness with 151 turns of copper wire of 0.41 mm diameter. 
[0094] While the sensor described above is preferred, other sensors may be suitable for some applications, such as 
Hall effect sensors, for example those available from Allegro Micro Systems. Inc., USA or magneto-resistor sensors, 
sensors, flux gate magnetic sensors, and/or other magnetic flux sensors. 

[0095] Controller 40 represents an assemblage of units to perform intended functions. For example, such units may 
receive information or signals, process information, function as a controller, display information, and/or generate infor- 
mation or signals. Typically controller 40 may comprise one or more microprocessors. 

[0096] In accordance with a prefen*ed embodiment of the invention, active portion 16 of catheter 1 0 is a fonward look- 
ing ultrasound send/receive transducer. Such a transducer can give a one-dimensional map of the acoustic properties 
of the material lying in front of it by radiating a focused beam of pulsed acoustic energy and then measuring the echoes 
of the beam reflected by changes in acoustic properties along the path of the beam. In order to provide a three dlmen- 
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sional image it is necessary to change the direction of the beam, preferalDly without changing its position by a great 
amount. 

[0097] In particular, such a steerable, one dimensional acoustic transducer can be used to map the heart walls or 
• blood vessels, ultrasonically. from inside the heart. When coupled with a reference location sensor at a reference point 
5 on the heart and ECG gating of the acoustic pulses, such a transducer can generate the information required to form a 
three dimensional image of the heart or blood vessels or any other organ, at one or several different phases of the heart 
cycle. 

[0098] The principle of two preferred embodiments of a steering mechanism are shown in Figs. 10A-10D and 11 
respectively. Fig. 1 0A shows a steering mechanism 92 that fits into the distal end of a catheter and comprises two steer- 
10 ing wires 94 attached to a steering head 96. Head 96 is formed of a relatively flexible material such as stainless steel 
and is slit along its axis, each side of the split being attached to one of wires 94. Such a head may be manutoctured by 
attaching two wires (94) at their end and then flattening the wires to form a more easily bent structure. 
[0099] Attached to the distal end of the steering head is a relatively rigid housing containing locating sensor 14 and 
active portion 16 which, in the present preferred embodiment, is an ultrasonic send/receive transducer. At least head 
. 75 96 and wires 94 are encased in a catheter sheath 104 which is not shown in Figs. 1 0A-IOC for clarity of presentation. 
This steering mechanism can also be used for other active portion types such as for electropysiologic mapping proce- 
dures and for improved steering of catheters or many types, with or without location sensing. 

[0100] In Fig. 10B one of wires 94 has been shortened as compared with the other wire. Since the catheter sheath 
holds the wires together, the result of such shortening of one wire is bending of the head, which is facilitated by the axial 

20 slit. Locating sensor 1 4 and active portion 1 6 are rigidly attached so that measurement of position and orientation of the 
locating sensor will give the position and orientation of the active portion (ultrasound transducer). By varying the angle 
of bending and rotating the catheter, imaging over nearly 360** image can be achieved. Additionally or alternatively, as 
shown in Fig. IOC, the amount of rotation can be reduced by shortening the other wire and which causes bending in 
the other direction. Slight motion of the transducer can be corrected by a simple translation of the acquired one dimen- 

26 sional image associated with the particular position. 

[0101] Fig. 10D shows a mechanism 98 placed at the proximal end of the catheter for changing the relative laigths 
of wires 94. A handle 1 00 comprises a housing 102 to which catheter sheath 104 is attached. The proximal end of wires 
94 are formed in a loop (for example by welding the ends of the wire) and wrapped around a spindle 106 which is pref- 
erably fixed and which forms a frictional contact with the wires. 

30 [01 02] A lever 1 08 is rotatably attached near its center at a pin 1 1 0 to the housing and is attached at one end to wire 
94 and at the other end to a slider 1 12 which is slidable parallel to the housing. When the slider is moved, one of the 
wires 94 at the distal end is lengthened with respect to the other. 

[0103] Fig. 1 1 shows the distal end of a catiieter having an alternative steering mechanisrh. A relative rigid sleeve 114 
is placed within cathode sheath 104. Sleeve 114 can be axially displaced relative to the sheath from the proximal end 
35 of the catheter. 

[0104] The distal end of sleeve 104 is formed with a disk 116 through which a relatively less rigid wire 118 passes. 
Wire 118 is formed with a permanent bend near its distal end at which end. position sensor 14 and active portion 16 
are attached. Axial movement of sleeve 104 straightens wire 1 18 resulting in a change in orientation of both the position 
sensor and the active portion. If wire 1 1 8 is sited off axis, then rotating the wire will rotate the catheter. 

40 [0105] It should be understood that steering of acoustic beams may also be achieved by a moving mirror or by a 
phased array ultrasonic transducer, and that such a mirror or other arrangement may be present in the active portion. 
Such active scanning may supplement or replace the passive steering provided by the mechanisms of Rgs. 10 and 1 1 . 
[0106] Fig. 12 shows a simplified system block diagram of ultrasonic acquisition and image formation in accordance 
with a preferred embodiment of the invention. An image sensor 120. such as the ultrasound sensor described above. 

45 transmits an acoustic pulse 122 in response to a signal received from a transmitter driver circuit 124. An acoustic echo 
1 26 (generally comprising several echoes) is received by the image sensor which produces an echo signal, which when 
amplified,, is sent to a receiver processing circuit 128 which generates a one dimensional "image" at its output 130. 
Information identifying the heart phase of the image may also be present at output 130 which may comprise a plurality 
of output ports. In one embodiment of the invention, especially useful for heart imaging, the acquisition of the image is 

50 made in response to signals received from an ECG monitor 132. This allows for acquisition of images at a particular 
portion of the heart cycle so that the various one-dimensional images can be easily reconstructed into a three dimen- 
sional image. 

[0107] In particular, if the most significant echo is used as the measure of the distance from the ultrasonic sensor to 
the chamber along the measurement direction of the sensor, then the collection of such distances (referenced to a ref- 
55 erence point in the chamber) will allow the reconstruction of the surface morphology. 

[0108] Fig. 13 shows a simplified block diagram of a three dimensional image reconstruction system which utilizes a 
series of one dimensional images generated by the circuitry of Fig. 12 and continuous sensed location and orientation 
information generated by the position locator and its associated circuitry as described above. In general it is useful to 
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catheter tip is localized relative to the reference catheter by finding the difference In each of the six dimensions of the 
location and orientation. Generally speaking, for the present application the orientation of the nnapper cathode is not 
required, however, It must be acquired to properly transform its location and orientation to an internal heart coordinate 

system _ - - - 

5 [0121 ] Simultaneously, the activation time of the heart at the mapper cathode tip is determined as shown on the right 
side of Rg. 16. First the local electrocardiogram at the tip of the mapper catheter is acquired and the activation time is 
calculated based on comparing tiie amplitude and slope of the local electrocardiogram to a template or manually by the 
user The local activation time is then defined with reference to the activation time measured by an ECG termineU on the 
skin of the patient. 

10 [0122] The process of data acquisition can be terminated by the user, or can be evaluated by an "evaluate activation 
map" algorithm described below, that examines the already acquired activation map for the density of information rela- 
tive to the spatial gradient of activation times. This algorithm can indicate the next preferable site for activation time 
detection. The catheter is moved by the user to the new site, and the process of mapping continues. 
[0123] During VT a data point is determined about every 4 to 6 heart beats. Thus, approximately 15 to 25, typically 

75 about 20. data points can be determined each minute. 

[0124] Fig. 17 is a schematic block diagram for illustrating the computerized pace mapping algorithm. A visible or 
audible indicator indicates the beginning of a data point acquisition. Acquisition of position information is similar to that 
for Fig. 16 except that the average mapper location in the previous n heartbeats (n is the moving average window dura- 
tion) is calculated. 

20 [0125] The right side of Fig. 1 7 shows the determination of the AC! (AutoCorelation Index) in a pace mapping mode. 
[0126] In a "pace mapping mode** an ECG processor acquires ECG data while the patient's heart is paced by an 
external source at a rate similar to the patient's arrhythmia cycle length. The ECG data is also acquired from the body 
surface electrograms, and the signals are stored as a segment of ECG with a length of several cycles. The signal 
acquired is subjected to automatic comparison with the patient's own VT signal (see Rg. 1 8). The comparison between 

25 arrhythmia morphology and paced morphology is performed in two stages: First, the phase shift between the template 
VT signal and the paced ECG morphology is estimated using minimal error or maximal cross-correlation for two signals. 
Then, using this phase shift estimated from an index ECG channel, the similarity of the VT and the Raced ECG mor- 
phology is measured as the average of the cross-correlation or the square error of the two signals of all channels 
recorded. 

30 [0127] This two-stage calculation is repeated each time using a different ECG channel as the index channel for deter- 
mining the phase shift. 

[0128] At the end of this procedure the minimal error or the maximal cross-correlation found will be reported to the 
operator as the ACl of this pacing site. 

[0129] Fig. 18 is a schematic block diagram illustrating an algorithm used to calculate the cross-conelation index while 

35 pace-mapping in accordance with a preferred embodiment of the invention. Body surface ECG data is acquired at two 
stages. First, during spontaneous or pacing induced VT. and second, during pacing the endocardium at different sites. 
The ECG data acquired during VT are signal averaged, and a template is constructed (Tch. for each channel recorded). 
During endocardial pacing the ECG data is acquired, and the same number of beats (N) is acquired to calculate the 
signal averaged QRS (P^h. for each channel recorded). The algorithm then calculates the phase shift between P^h and 

40 Tch, which yields for the first channel the maximal cross-correlation. This time shift is used to shift the remaining chan- 
nels and calculate for them the cross-correlation. All cross-correlations for all channels are summarized and stored. The 
algorithm then uses the next channel recorded to calculate the time shift that will cause maximal cross-correlation in 
this channel. Now thiis time shift is applied for all cross-con-elations between P^h and T^h. and again all cross-correla- 
tions are summarized. This procedure is repeated for all channels, and the maximal cross-correlation achieved is used 

45 as the value of the cross-correlation of the T^h and the Pch at this site on the endocardium. 

[0130] FIG. 19 is a schematic block diagram for illustrating the output configuration of the present emtxxliment. A 
quasi-static picture of tiie heart chambers is presented as 3-D reconstruction of a basic image acquired prior to or dur- 
ing tiie study as previously described. Superimposed on the image is the location of the mapping/ablation catheter (cor- 
rected for the movement of the reference catheter) and the currerrt and previous information acquired from the mapping 

so study. This information may include, when appropriate, the activation times (presented using a color code at each acqui- 
sition site) or cross-correlation index (ACl) for each point in the pace map. Furthermore, the map can represent in the 
color coding the duration of the local electrograms, the presence of fragmented activity as well as various other varia- 
bles calculated by the electrophysiologic processor. 

[01 31 ] The above principles can be applied for mapping other structures of the body, for example, of the urinary blad- 
55 der, brain, or gastrointestinal tract. Dependent upon the examination technique, the catheter may be replaced by a nee- 
dle whose tip is the beatable sensor port. 

[0132] At each stage (sinus rhythm mapping, pace mapping and VT mapping) after each data point is acquired, all 
available information is reassessed for two purposes: first, to suggest to the operator the next site for data acquisition. 
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and second, to test the available information to propose a site for ablation. 
[01 33] Two algorithms are running simultaneously to perform this procedure: 

(1) Mapping Guidance algorithm. This algorithm uses as an input the available mapped information of a certain var- 
5 iable (e.g., local activation time during sinus rhythm). The algorithm calculates the spatial derivative of the mapped 

variabliB (i.e., activation time in this example) and calculates the next best location for adding another data point 
when the objective function is regularizing the spatial gradients of the mapped variable. For example, this algorithm 
will suggest that more data points be acquired in areas in which the mapped variable is changing significantly over 
ia short distance. 

10 The location suggested by the algorithm is be presented to the operator as a symbol on the display The same 

display already shows the basic image of the heart chamber and the current location of the mapping/ablation cath- 
eter. Therefore, the operator will move the mapping/ablation catheter to reach the suggested location for further 
data acquisition. 

This algorithm is most beneficial during VT mapping, where the available time for data acquisition is limited by 
IS the adverse hemodynamic effects of the arrhythmia. Therefore, such an algorithm which examines the available 
data points of a map in real-time and immediately suggests the next site for acquisition is very useful. 

(2) Proanosina likelihood of successfu l ablation aloorithm. This algorithm is a user-defined set of hierarchical rules 
for evaluating the acquired Information such as the rules given immediately below. The operator is expected to 
grade the importance of the specific information acquired in the mapping/ablation procedure, as to its likelihood to 

20 identify the correct site for ablation. 

Grading of mapping results suggesting the likelihood of successful ablation at that site (A ^ highly likely suc- 
cessful and D = least likely successful): 

(a) The identification of a typical re-entrant pathway on VT mapping with an identifiable common slow pathway 
25 -Grade A; 

(b) The identification of a site with over 90% correlation index in the pace map - Grade B; 

(c) The identification of a site where VT was terminated with a non-capture premature stimulus - Grade C; and 

(d) The identification of pre-potential maps recorded during VT, which are similar to diastolic potential maps 
recorded during sinus rh^hm - Grade D. 

30 

[0134] Other types of electrographic maps of the heart are also possible. By use of variables determined from paced 
or non-paced acquisitions of electrographic data, the following additional maps can be generated: 

(1) Sinus rhythm activation map (isochronal map); 
35 (2) Diastolic potential occurrence time map 

(3) Local latency isochronal map during pace mapping; 

(4) Activation time isochronal map during VT; and 

(5) Pre-potential isochronal map during VT mapping. 

40 [01 35] Also, the sites where VT was terminated by a non-captured premature stimulus can be presented. 

[01 36] The acquisition of these maps and of other factors suitable for mapping and procedures for their determination 
as well as additional details of the above mapping procedures can be found in the above mentioned document WO 
95/02995. 

45 Claims 

1. A locating system for determining the location and orientation of an invasive medical instrument (10) relative to a 
reference frame, comprising: 

50 a plurality of field generators (1 8.20.22) which generate known, distinguishable fields in response to drive sig- 

nals; 

a plurality of sensors (1 4) situated in the invasive medical instrument (1 0) proximate the distal end (15) thereof 
which generate sensor signals in response to said fields; and 

a signal processor (26) which has an input for a plurality of signals corresponding to said drive signals and said 
55 sensor signals, characterized in that said signal processor (26) is arranged to compute the three location coor- 

dinates and three orientation coordinates of a portion (16) of the invasive medical instrument (10), responsive 
to said drive and sensor signals. 
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2. The locating system acoording to claim 1 wherein one of the plurality of field generators (1 8.20.22) or sensors (14) 
comprises three distinguishable, non-overlapping, generatons or sensors. 

3. The locating system of daim 1 wherein said plurality of field generators (1 8,20.22) comprises three distinguishable. 
5 non-overlapping, generators and said plurality of sensor comprises three distinguishable, non-overlapping sensors. 

4. The locating system of any of daims 1-3 wherein each sensor (14) comprises a coll (30,32,34). 

5. The locating system for claim 4 wherein said plurality of coils (30.32,34) have axes which intersect within one of 
w said coils (30.32,34). 

6. The locating system of claim 4 or claim 5 wherein said plurality of coils (30.32,34) comprises three coils and 
wherein said coils (30.32.34) have axes which do not all intersect in a point. 

75 7. The locating system of any of the preceding claims wherein the fields generated by each of the field generators 
(18.20.22) have a different frequency, a different phase or both a different frequency and a different phase. 

8. The locating system of any of the preceding daims. wherein the field generated by each field generator (18.20.22) 
has a different frequency. 

9. The locating system of claim 8, wherein the frequencies of the field generators (18,20.22) are each integer multi- 
ples of a given frequency. . 

10. The locating system of any of clairns 7-9. wherein the signal processor (26) cross-correlates the signals corre- 
25 sponding to the drive and sensor signals. 

1 1 . The locating system of daim 9. wherein the signal processor (26) cross-cpn-elates the signals corresponding to the 
drive and sensor signals and wherein the duration of the cross-correlation of the inputs is the minimal common 
product of the Integer multipliers divided by the given frequency. 

30 

12. The locating system of claim 10 or claim 11. wherein the results of the cross-correlation are used to calculate the . 
contribution of each field generator (18,20.22) to the signal generated by each said sensor. 

13. The locating system of any of the preceding claims wherein the fields are AC magnetic fields. 

35 

14. The locating system of daim 13, wherein the AC magnetic fields are continuous fields. 

15. The locating system of any of the preceding claims and including a display system (27) for displaying the position 
of the portion (16) on the invasive medical instrument (10). 

40 

16. The locating system of any of the preceding claims wherein there is an additional sensor on the portion (16) of the 
invasive medical instrument (10) which senses a local condition. 

17. The locating system of claim 16 wherein the additional sensor senses local electrical signals and transfers them to 
45 terminals external to the patient's body. 

18. The locating system of claim 17, wherein the local electrical signals are electrical signals from the endocardium of 
the patient's heart. 

so 19- The locating system of claim 18. wherein the signal processor (26) processes the position and orientation coordi- 
nate signals and the local electrical signals acquired at a plurality of points on the endocardium to generate a map 
that represents the propagation of electrical signals through tissue in the patient's body 

20. The locating system of any of daims 16-19 wherein the additional sensor is operative for supplying electrical 
55 energy to the endocardium for ablating a portion of the endocaidium. 

21 . The locating system of any of claims 1-16 and including an electrode adapted for supplying electrical energy to the 
endocardium for ablating a pottion of the endocardium. 
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22. The locating system of daim 16 wherein the additionai sensor is an ultrasonic transmitter/receiver. 

^' J^^^S^^^T "^^'^^ transmitter/receiver provides a less than three dimensional 

representation of the acoustic properties of tissue b^nd the distal end (15). 

24. The looting ¥>item ac<»rding to daim 23 Whwein the d^^^^ is deflectable. ~" 

^' ITS i^ThP.S^'" T^"^"^ ^ '"'"^'"9 '"^^^ reconstruction drcuitry whidi receives a plurality of 

said less than three dimensional representations acquired at different orientations of the distal end (ia arri pro- 
duces a three dimensional map of the acoustic properties of tissue at least partially surrounding the distal end (15). 

^1^^'"° -^HP ^ comprising a reference instrument which indudes a plurality of addi- 

iortonli"!?^*;^ Tr^^ ^^^"^ <27) displays the pditon c?Se 

portion (1 6) on the invasive medical instrument (1 0) relative to the position of a point on the referent instrum«I 

27. The locating system of daim 26. wherein ttie locating system comprises only a single reference instrument. 

28. The locating^tem of claim 26 or daim 27 wherein the reference instrument is an additional invasive medical 
instrument and wherein said additional sensors are situated proximate the distal end thereof 

29. The system of any of ttie preceding daims wherein the invasive medical instrument is a catheter or endoscope. 
^' riS.1S^sSlSr"^"'"® the position and orientation of an invasive medical instrument (10) having a distal end 

(a) generating a plurality of distinguishable, geometrically different AC magnetic fields- 

(b) sensing the AC magnetic fields at a plurality of sensors (14) proximate the distal end and 
?owISIIl2L^'^t?T'°"* °^ °rie"te«o" o» a portion (16) of the invasive medical instrument 
2)XSt^ representative of the generated magnetic fields and ttie sensed magnetic fields, are 

tT^iS, fSS!""^ *° ^° ^""^'"^ distinguishable, geometrically different fields comprises 

^;ssrfnsisrei?(ro)''''"'°"''"^ 

33. Amettiod according to any of daims 30-32 wherein ttie invasive medical instrument (10) is a catheter or endo- 
Paienianspillche 

;■ ^rv^jx^Rrenra^^^"^ 

SiaTe e^'^SLr ^' ^' ^"^^ unteischeidbare Felder in Antwort auf Treibersi- 

lt« L!S M']|/Hli!!"'°L^" 1^*^* "^^^ medizinischen Instrument (10) nahe dessen dista- 
lem Ende (15) befinden. die Sensorsignale in Antwort auf die Felder erzeugeniund 

einem Signalprozessor (26). der einen Eingang for eine Vielzahl von Signalen entsprediend den Treibersiana- 
len und den Sensorsignalen hat. dadurch gekennzeichnet. daB der S^na^rozessor (22) so igSSS?st 
dae er dre. OrtskooKlinaten und drei Ausrichtungskoordinaten eines AtJchhitteslS) S i^J^SS^ife rt- 
sdien Instrumentes (10) in Antwort auf die Treiber- und Sensoisignale berechnet 

^" M^'^l^f ^!*" "f 1 • bei dem einer aus der Vielzahl der Feldgeneratoren (18. 20. 22) oder Sensoren 
(14)dreuntersdieidbare.nicht0beriappendeGeneratorenoderSensorenaufweist. ^ oaer j>ensoren 
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3. Ortungssystem nach Anspruch 1 . bei dein die Vielzahl der Feldgeneratoren (18, 20. 22) drei unterscheidbare. nicht 
Qberlappende Generatoren aufweist und die Vielzahl der Sensoren drei unterscheidbare nicht Qberlappende Sen- 
soren aufweist. 



5 4. Ortungssystem nach einem der AnsprOche 1 bis 3, bei dem jeder Sensor (14) eine Spule (30, 32. 34) aufweist. 

5. Ortungssystem nach Anspruch 4. bei dem die Vielzahl der Spulen (30. 32, 34) Achsen hat. die sich innerhalb einer 
der Spulen (30, 32, 34) schneiden. 

10 6. Ortungssystem nach Anspruch 4 oder Anspruch 5. bei dem die Vielzahl der Spulen (30, 32. 34) drei Spulen auf- 
weist und bei dem die Spulen (30, 32, 34) Achsen haben. die sich nicht alle in einem Punkt schneiden. 

7, Ortungssystem nach einem der vorangehenden AnsprOche. bei dem die Felder, die von jedem der Feldgenerato- 
ren (18, 20. 22) erzeugt werden. eine unterschiedliche Frequenz. eine unterschiedliche Phase oder sowohl eine 

IS unterschiedliche Frequenz als auch eine unterschiedliche Phase haben. 

8. Ortungssystem nach einem der vorangehenden AnsprOche. bei dem das Feld, das von jedem Feldgenerator (18. 
20. 22) erzeugt wird, eine unterschiedliche Frequenz hat. 

20 9. Ortungssystem nach Anspruch 8, bei dem die Frequenzen des FekJgenerators (18, 20. 22) jede ganzzahlige Viel- 
iache einer gegebenen Frequenz sind. 

10. Ortungssystem nach einem der AnsprOche 7 bis 9, bei dem der Signalprozessor (26) die Signale, die den Treiber- 
und Sensorsignalen entsprechen, kreuzKorreliert. 

25 

1 1 . Ortungssystem nach Anspruch 9, bei dem der Signalprozessor (26) die Signale, die den Treiber- und Sensorsigna- 
len entsprechen, kreuzkorreliert, und bei dem die Dauer der Kreuzkorrelation der Eingaben das Meinste gemein- 
same Vielfache der ganzzahligen MuKiplikatoren ist. dividiert durch die gegebene Frequenz. 

30 12. Ortungssystem nach Anspruch 10 oder Anspruch 11. bei dem die Ergebnisse der Kreuzkorrelation benutzt wer- 
den, um den Beitrag jedes Feldgenerators (18, 20. 22) zum Signed, das von jedem Sensor erzeugt wird, berechnet. 

13. Ortungssystem nach einem der vorangehenden AnsprOche, bei dem die Felder Wechselstrom-MagnetfekJer sind. 

35 14. Ortungssystem nach Anspruch 13. bei dem die Wechselstrom-Magnetfelder kontinuierliche Felder sind. 

15. Ortungssystem nach einem der vorangehenden AnspnQche und mit einem Anzeigesystem (27) zum Anzeigen der 
Position des Abschnittes (16) auf dem Invasiven medizinische Instrument (10). 

40 16. Ortungssystem nach einem der vorangehenden AnsprOche, bei dem es einen zusdtzlichen Sensor auf dem 
Ak)schnitt (16) des Invasiven medizinischen Instrumentes (10) gibt. der eine lokale Bedingung abfOhlt. 

17. Ortungssystem nach Anspruch 16, bei dem der zusdtzliche Sensor lokale elektrische Signale abfOhIt und sie an 
AnschlOsse auBerhalb des KOrpers des Patienten Obertragt. 

45 

18. Ortungssystem nach Anspruch 1 7. bei dem die lokalen elektrischen Signale elektrische Signale vom Endocardium 
des Herzen des Patienten sind. 

19. Ortungssystem nach Anspruch 18, bei dem der Signalprozessor (26) die Position und Ausrichtungskoordinatensi- 
50 gnale und die lokalen elektrischen Signale. die an einer Vielzahl von Punkten auf dem Endocardium erfa3t worden 

sind. verarbeitet, um eine Abbildung zu erzeugen, die die Fortpflanzung elektrlscher Signale durch das Gewebe In 
dem KOrper des Patienten darstellt. 

20. Ortungssystem nach einem der AnsprOche 16 bis 19 bei dem der zusatzliche Sensor so arbeitet, da8 elektrische 
55 Energie an das Endocardium zum Abtragen eines Teils des Endocardiums geliefert wird. 

21 .. Ortungssystem nach einem der AnsprOche 1 bis 16 und mit einer Elektrode. die zum ZufOhren elektrischer Energie 
an das Endocardium zum Abtragen eines Teiles des Endocardiums ausgelegt ist. 
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22. Ortungssystem nach Anspruch 16. bei dem der zusdtzliche Sensor ein Ultraschall-Sender/Empfdnger 1st. 

23. Ortungssystem nach Anspruch 22, bei dem der Ultraschall-Sender/Empfdnger eine weniger als dreidimensionale 
Darstellung der aKustischen Eigenschaften des Gewebes jenseits des distalen Endes (15) Irefert. 

24. Ortungssystem nach Anspruch 23. bei dem das distale Ende (15) aWenkbar ist. 

25. Ortungssystem nach Anspruch 24 und mit einer Bildrekonstruktionsschaltung, die eine Vielzahl der weniger als 
dreidlmensionalen Darstellungen empfSngt. die bei unterschiedlichen Ausrichtungen des distalen Endes (15) 
erhalten worden sind. und eine dreidimensionale Abbildung der akustischen Eigenschaften von Gewebe. das 
wenigstens tellweise das distale Ende (15) umgibt. erzeugt. 

26- Ortungssystem nach Anspruch 15 und werter mit einem Referenzinstrument, das eine Vielzahl zusStzlicher Sen- 
soren umfaBt, die sich in dem Referenzinstrument befinden. wobei das Anzeigesystem (27) die Position des 
Abschnittes (16) auf dem invasiven medizinischen Instrument (10) reiativ zu der Position eines Punktes auf dem 
Referenzinstrument anzetgt. 

27. Ortungssystem nach Anspruch 26, bei dem das Ortungssystem nur ein einzelnes Referenzinstrument aufweist. 

28. Ortungssystem nach Anspruch 26 Oder 27, bei dem das Referenzinstrument ein zusdtzliches invasives medlzini- 
sches Instrument ist und be! dem die zusdtzlichen Sensoren sich nahe dem distalen Ende des Instrumentes befin- 
den. 

29. System nach einem der vorangehenden Anspruche, bei dem das invasive medizinische Instrument ein Katheter 
Oder Endostop ist. 

30- Verfahren zum Bestimmen der Position und Ausrichtung eines Invasiven medizinischen Instrumentes (10) mit 
einem distalen Ende (15). das umfa6t: 

(a) Erzeugen eIner Vielzahl unterscheidbarer geometrisch unterschiedllcher Wechselstrom-Magnetfelder; 

(b) Abfuhlen der Wechselstrom-Magnetfelder an einer Vielzahl von Sensoren (14) nahe dem distalen Ende; 
und 

(c) Berechnen von sechs Dimensionen von Position und Ausrichtung eines Abschnittes (16) des invasiven 
medizinischen Instrumentes (10) in Antwort auf Signale. die reprdsentativ fur die erzeugten Magnetfelder und 
die abgefuhlten Magnetfelder sind. 

31 . Verfahren nach Anspruch 30, bei dem die Vielzahl unterscheidbarer geometrisch unterschiedllcher Felder drei sol- 
cher Felder aufweist. 

32. Verfahren nach Anspruch 30 Oder 31 , bei dem das Wechseistrom-Magnetfeld an drei Punkten des invasiven medi- 
zinischen Instrumentes (10) abgefuhK wird. 

33- Verfahren nach einem der AnsprOche 20 bis 32, bei dem das invasive medizinische Instrument (10) ein Katheter 
Oder Endoskop ist. 

Revendications 

1 - Syst^me de localisation pour d6terminer I'emplacement et Torientation d'un instrument medical invasif (1 0) par rap- 
port ^ un cadre de r6f6rence, comprenant: 

une plurality de g6n6rateurs de champ (1 8, 20, 22) qui g6n6rent, en r6ponse k des signaux de commahde, des 
champs connus pouvant §tre diff^rencl^s; 

une plurality de capleurs (14) situ^s dans Pinstrument m§dical invasif (10). k proximit6 de rextr6mit6 distale 
(15) de ce dernier, et g6n6rant des signaux de capteur en r6ponse auxdits champs; et 
un dispositif (26) de traltement de signaux qui comporte une entree pour une plurality de signaux correspon- 
dent auxdits signaux de oommande et auxdits signaux de capteurs, caract6ris6 en ce que ledit dispositif (26) 
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de traitement de signaux est congu de manidre d catculer les trois ooordonn^es de localisation et les trois ooor- 
donn^es d*orientation d*une parUe (16) de Tinstrument medical invastf (10) sensible auxdits signaux de oom- 
mande et de capteur. 

2. Syst^me de localisation selon la revendication 1 . dans lequel un g^n^rateur ou un capteur de la plurality de g6n6- 
rateurs (18. 20, 22) ou de capteurs (14) oonnprend trois g6n6rateurs ou capteurs pouvant §tre diff6renci6s et ne se 
che\^auchant pas. 

3. Syst^me de localisation selon la revendication 1 . dans lequel ladite plurality de g^n^rateurs de champs (18, 20. 22) 
comprend trois g6n6rateurspouvant 3tre diff6renci6s et ne se chevauchant pas, et ladite plurality de capteurs com- 
prend frois capteurs pouvant §tre diff6renci6s et ne se chevauchant pas. 

4. Syst^me de localisation selon I'une quelconque des revendications 1-3, dans lequel cheque capteur (14) com- 
prend une bobine (30, 32, 34). 

5. Syst^me de localisation selon la revendication 4, dans lequel ladite plurality de bobines (30, 32, 34) ont des axes 
qui se coupent dans une desdites bobines (30. 32. 34). 

6. Systdme de localisation selon la revendication 4 ou la revendication 5, dans lequel ladite plurality de bobines (30. 
32, 34) conprend trois tx>bines et dans lequel lesdites tx)bines (30, 32, 34) ont des axes qui ne se coupent pas 
tous en un point. 

7. Syst^me de localisation selon Tune quelconque des revendications pr6c6dentes. dans lequel les champs g^n^r^s 
par chacun des g^n^rateurs (12, 20, 22) ont une fr^uence diff^rente. une phase diff6rente, et k la fois une fre- 
quence diff^ente et une phase diff^rente. 

8. Syst^me de localisation selon Tune quelconque des revendications pr^^entes, dans lequel le champ g6n6r6 par 
chacun des g^n^rateurs de champ (1 8. 20, 22) a une fr^uence d'rff^rente. 

9. Syst^me de localisation selon la reverxiication 8, dans lequel les frequences des g^nerateurs de champ (18, 20, 
22) sont chacune des multiples entiers d'une frequence donn^e. 

10. Systeme de localisation selon I'une quelconque des revendications 7-9. dans lequel le dispositif (26) de traitement 
de signaux op^re une correlation mutuelle des signaux qui correspondent aux signaux de commande et de cap- 
teurs. 

1 1 . Systeme de localisation selon la revendication 9. dans lequel le dispositif (26) de traitement de signaux op^re une 
correlation mutuelle des signaux correspondent aux signaux de commande et de capteurs, et dans lequel la duree 
de la correlation mutuelle des entrees est le produit commun minimal des multiplicateurs entiers divises par la fre- 
quence donnee. 

1 2. Systeme de localisation selon la revendication 1 0 ou la revendication 1 1 , dans lequel les resultats de la correlation 
mutuelle sont utilises pour calculer la contribution de cheque generateur de champ (18. 20. 22) au signal genere 
par chaque capteur precite. 

13. Systems de localisation selon Tune quelconque des revendications precedentes. dans lequel les champs sont des 
champs magnetiques de courant aKernatif. 

14. Systeme de localisation selon la revendication 13. dans lequel les champs magnetiques de courant alternatif sont 
des champs continus. 

15. Systeme de localisation selon Tune quelconque des revendications precedentes et comprenant un systeme d'affi- 
chage (27) destine ^ affigher la position de la partie (16) de I'instrumerrt medical invasif (10). 

16. Systeme de localisation selon I'une quelconque des revendications precedentes. dans lequel sur la partie (16) de 
instrument medical invasif (10) se trouve un capteur suppiementaire qui detecte une condition locale. 

17. Systems de localisation selon la revendication 16, dans lequel le capteur suppiementaire detecte des signaux eiec- 
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trique locaux et les transfSre k des bomes ext^rieures au corps du patient. 

18. Syst6me de localisation selon la revendication 17. dans lequel les signaux diectriques locaux sort des signaux 
diectriques prcvenant de i'endocaide du coeur du patient. 

19. Systfeme de localisation selbn la wendication 18. dans lequel le dispositif (26) de traitement de signaux traite les 
signaux de coordonn6es de position et d'orientation et les signaux 6lectriques locaux acquis en une plurality de 
points sur I'endocarde pour g6n6rer une carte qui repr^sente la propagation des signaux ^ectriques k travers les 
tissus du corps du patient. 

20. SystSme de localisation selon I'une quelconque des revendications 16-19. dans lequel le capteur suppl^mentaire 
a pour effet de Iburnir de I'dnergie 6lectrique k I'endocarde en vue d'une ablation d'une partie de cet endocarde. 

21. Syst^me de localisation selon I'une quelconque des revendications 1-16 et comprenant une Electrode adapt6e 
pour fournir de l'6nergie 6lectrique k I'endocarde en vue d'une ablation d'une partie de I'endocarde. 

22. Systfeme de localisation selon la revendication 16. dans lequel le capteur suppl^entaire est un 6metteur/rk:ep- 
teur a ultrasons. 

23. Syst6me de localisation selon la revendication 22. dans lequel r6metteur/r6cepteur fournit moins de trois reprfeen- 
tatwns dimen sionnelles des propri6t6s acoustiques des tissus situis au deld de I'extr6mit6 distale (1 5). 

24. Syst6me de localisation selon la revendication 23. dans lequel I extr6mit6 distale (1 5) peut Stre ddvi^e. 

25. Systfeme de localisation selon la revendication 24 et comprenant un circuit de reconstruction d image qui recoit une 
plurality desdites representations dimensionnelles. en un nombre inf^rieur k trois, acquises en diff6rentes orienta- 
tions de I'extr^mite distale (15) et produit une carte dimensionnelles des propri^^s acoustiques des tissus entou- 
rant au moins partiellement rextr6mit6 distale (1 5); 

26. Syst6mede localisation selon la revendication 15 et induant. en outre, un instrument dereference qui comprend 
une plurality de capteurs suppiementaires situ^s dans I'inslrument de reference, dans lequel ledit systeme d'affi- 
chage (27) affiche la position de la partie (16) se de I'instrument medical invasif (10) par rapport k la posttion d'un 
poimsitue sur I'instrument dereference. f~ 

27. Systeme de localisation selon la revendication 26. dans lequel le systeme de localisation ne conprend qu'un seul 
insti-ument de reference. m 

28. Systeme de localisation selon la revendication 26 ou la revendication 27. dans lequel I'instrument de reference est 
un instrument medical invasif suppl6mentaire et dans lequel lesdits capteurs sippiementaires sont situes k proxi- 
mite de I'extremite distale de cet instrument. 

29. Systeme selon I'une quelconque des revendications precedentes, dans lequel I'instrument medical invasif est un 
catrieter ou un endoscope. 

30. Procede de determination de la position et de l orientation d'un instrument medical invasif (10) comportant une 
extremite distale ( 1 5). ce precede comprenant: 

(a) la generation d une pluralite de champs magnetiques de courant alternatif, geometriquement diff6rents et 
pouvant etre differendes: 

(b) la detection des champs magnetiques de courant alternatif au niveau d'une pluralite de capteurs (14) situes 
a proximite de I'exfc-emite distale; et k v y 

(c) le calcul de six dimensions de position et d'orientation d'une partie (1 6) de I'instrument medical invasif (10) 
sensible k des signaux representatifs des champs magnetiques generes et des champs magnetiques detec- 

iGS. 

31. Proc6d6 selon la revendication 30. dans lequel la plurality des champs gtem^triquement dlff6rents. pouvant §tre 
distingu6s, comprend trois de ces champs. 
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32. Proc6d6 selon la revendication 30 ou la revendication 31, dans lequel le champ magn6tique de courant alternatif 
est d6tect6 en trols points de rinstrument m6dical invasif (10). 

33. Proc6d6 selon Tune quelconque des revendicatlons 30-32 dans lequet rinstrument m^lcal invasif (10) est un 
5 catheter ou un endoscope. 

10 
IS 
20 
25 
30 
35 
40 
45 
SO 



21 



EP0 776176B1 



.12 



11 



t 14 16 

\ 

15 



RADIATORS 



RADIATOR 
DRIVER 



^24 



SIGNAL 
PROCESSOR 



j2 



27 



MONITOR 



CONTROL 



FIG. 1 





22 



EP 0 776 176 B1 




EP 0 776 176 B1 




ci 



24 



EP 0 776 176 B1 



FIG. 4 



34 



RADIATOR 



RADIATOR 



24 



CURRENT 
SENSING 
CIRCUIT 

T 



RADIATOR 



CURRENT 
SENSING 
CIRCUIT 



54 56 



AMP 



CURRENT 
SENSING 
CIRCUIT 

r 

58 



AMP 



48 50 



AMP 



r 



52 



D/A 

1 



D/A 



D/A 

T" 



42 44 



46 



SENSOR 



SENSOR 



AMP 



60 



SENSOR 



62 



AMP 



SIGNAL 
PROCESSOR 



t 



64 



AMP 



26 



CONTROL 



40 



MONITOR 



27 



25 



EP 0 776 176 B1 



FIG. 5 



66^ 

68 
70 



INITIAUZATION 



TRANSMIT 



vj AC SIGNAL SYNTHESIS 



AC FIELDS 



TRANSMIT 



72 



ACTIVATE A TIMER 
THAT ONCE PER CYCLE 
CALLS 
PROCESSING MEANS 



TIMING 
SIGNAL 
TO PROCESSOR 26 



RETURN TO 
OPERATING SYSTEM 



DETERMINE 
POSITION AND 
ORIENTATION 



RETURN TO 
OPERATING SYSTEM 



26 



EP 0 776 176 B1 



FIG. 6 

r 



26 



SIG. 



ARRAY OF 6 A/D UNITS 



74 



CUR. 



CALCULATE 
CROSS 
CORRELATIONS 



76 



CALCULATE FIELDS 
AND CURRENTS 



78 



CALCULATE POSITION 
AND ORIENTAION 



27 



EP0 776176B1 



FIG. 




28 



EP 0 776 176 B1 



FIG. 8 



26 



SIG. 



CUR, 



SIN(27Tfct) 

cos(2nfct) 



ARRAY OF 12 FILTERS 
FOR CROSS CORRELATION 



80 




CALCULATE FIELDS 
AND CURRENTS 



78 



CALCULATE POSITION 
AND ORIENTAION 



29 



EP 0 776 176 B1 



FIG. 9 



sin(27rfc) 



SIGs (t) 
or CURgCt) 




80 



30 



EP 0 776 176 B1 




FIG. 10A 



FIG- 10B 



FIG. 10C 



31 



EP 0 776 176 B1 




32 



EP 0 776 176 B1 



FIG. 11 




33 



EP 0 776 176 B1 



122 




FIG. 12 



IMAGE 
SENSOR 



r 

120 



AMPLIFIER 



RECEIVER 

PROCESSING 

CIRCUIT 




ECG 
TIMING 



TRANSMITTER 

DRIVER 
CIRCUIT 

124 



34 



EP 0 776 176 B1 



130 



132 



SENSED 
LOCATION AND 
ORIENTATION 



3-D IMAGE 
RECONSTRUCTION 
PROCESSOR 



FIG. 13 



134 



L 



IMAGE 
DISPLAY 



35 



EP 0 776 176 B1 




36 



EP 0 776 176 B1 



FIG. 15 



SYNC 
END 
DIASTOLE 



TRANS ESOPHAGEAL 
ECHOCARJOGRAM 




MRI 
CINE < 


SAMPLE & 


HOLD 



1. ENDOCADIAL END 
DIASTOLIC IMAGE 

2. LOCATION OF REFERNCE 
CATHETERS 



FIG. 19 



SYMBOL 



BASIC IMAGE 



STATIC AND DIASTOLIC 
3~D IMAGE 



MAPPER CATHETER POSITION 



SYMBOL 



REFERENCE CATHETER POSITION 



COLOR 



ACTIVATION TIME/ 
AUTO-CORRELATION INDEX/ 
LOCAL POTENTIAL 



STATIC AND DIASTOLIC 
4-D IMAGE 



37 



EP 0 776 176 B1 



FIG. 16 



COMPUTERIZED ENDOCARDIAL ACTIVATION MAPPING 



INDICATE ACQUISITION POINT START 



CATHETER LOCAUZATION 



ACTIVATION TIME DETERMINATION 



MAPPER 


REFERENCE 


CATHETER 


CATHETER 


X.Y.Z 


Xr Yr Zr 




^R ^R ^ R 







LOCAL ELECTROGRAM 



SYNC 
END 
DIASTOLE 



SAMPLE & HOLD 



I 



ACTIVATION 
DETECTION 

1. AMPLITUDE 

2. SLOPE 

3. TEMPLATE 

4. MANUAL 



RECALCULATE 
MAPPER 
LOCATION 

X.Y.Z. 



Q LOCAL ACTIVATION TIME. T ^ 



MAP POINT ACQUIRED 
X.Y.Z.T 



EVALUATE ACTIVATION MAP 




INDICATE ACQUISITION END POINT 



END MAPPING 



MOVE CATHETER-MESSAGE 
SUGGEST NEW CATHETER LOCATION (Xs Yg Zs ) 



38 



EP 0 776 176 B1 



FIG. 17 



PACE MAPPING 



START PACING-MASSAGE 



SPATIAL LOCAUZATION 



ACQUIRE BODY SURFACE ECG.t=A 



MAPPER 


REFERENCE 


CATHETER 


SENSOR 


X.Y2 


Xr Yr Zr 




^R^R.^R 



SYNC 
END 
DIASTOLE 



SAMPLE Sc HOLD 



CALCULATE 
TRANSFORMATION 
&TRANSIATION 



RECALCULATE 
MAPPER 
LOCATION 
X.Y.Z. 



AVERAGE 
MAPPER 
LOCnON 



MAP POINT ACQUIRED 
X.Y.Z>^CI 



EVALUATE AUTO CORRELATION MAP 




CLINICAL 
Vr ECG 



AUTO- CORRELATION 
INDEX 
CALCULATION 



INDICATE ACOUISmON END POINT 



END MAPPING 



MOVE CATHETER-MESSAGE 
SUGGEST NEW CATHETER LOCATION (Xs Ys Zs ) 



39 



EP 0 776 176 B1 



ACQUIRE BODY 
SURFACE ECGs 
DURING Vr 






CALCULATE AVERAGE 
QRS MORPHOLOGr 
FOR N CONSECUTIVE 
VT BEATS, FOR EACH 
LEAD 







TEMPLATE SIGNAL 
AVERAGE ORS 



POSITION PACING CATHETER 

PACE SrTE N BEATS 

ACQUIRE BODY 
SURFA CE ECG 

1 

CALCULATE AVERAGE 
ORS MORPHOLOGY 

FOR N CONSECUTIVE 
PACED BEATS. FOR 
EACH LEAD 

t 

PACED SIGNAL 
AVERAGE QRS 

Pch 



LOCATE CATHETER 
TIP 
(X.YJ) 



PACE MAP 
DATA POINT ACQUIRE 
(X.Y.Z ACI) 



FOR 1 < i < N 
CALCULATE 
CROSS-CORRELATION 
INDEX FOR chfi 
(P*T)i 







IDENTIFY PHASE SHIFT 
FOR MAX(Pn)i 

ti 







APPLY PHASE SHIFT, li 
TO CALCULATE 

k=ch 
ACIi « Z(P*T)k 
k«1 



ACI = 



MAX(ACIi) 
I 



FIG. 18 



MOVE CATHETER 



40 



